Microalgae CO 2 sequestering facilities might become an industrial reality if microalgae biomass could be produced at cost below $500.00 t
Introduction
Energy production, global warming, poverty, and water shortages are major problems that must be addressed today if humanity is to avoid dire consequences of galloping environmental obliteration, like the recent oil spill in the Gulf of Mexico and melt-down of nuclear power plants in Japan, and enter an era of sustainable development.
Global warming is mainly due to anthropogenic emissions of greenhouse gases. The Intergovernmental Panel on Climate Change (IPCC) formulated a number of modeling scenarios relating the emissions of greenhouse gasses and global warming/climate change. The most optimistic IPCC scenario forecasts that the concentration of atmospheric CO 2 will stabilize in the range 445-490 ppm as soon as 2015. Should atmospheric CO 2 concentration stabilize in this range, the average global temperature could be expected to rise by up to 2.4°C resulting in an average sea level rise of up to 1.4 m [1] . However, it seems that atmospheric CO 2 concentration must, in fact, be reduced to 350-370 ppm if we are to stabilize the climate. Kharecha et al. [2] recently stated that ''. . . the present amount of atmospheric CO 2 is already into the dangerous zone. We must reduce atmospheric CO 2 , already at 387 ppm in 2009, to no more than 350 ppm''. These authors also argue that a rapid decrease in CO 2 emissions demands legislative and other actions in energy efficiency regulations, tax policy, and utility profit motives [2] .
Power stations burning fossil fuel emit from 344 to 941 kg of CO 2 per each MW h capacity and are among largest stationary sources of CO 2 . These stations range in size from 400 to 1200 MW with typical being 550 MW [3] . The current (i.e. operating in 2008) and planned (i.e. to be constructed in period 2009-2013) capacity of electric power stations in the USA that burn various fossil fuels is 834293.00 MW [4] . Rising energy consumption and the addition of new power plants that burn fossil fuels are likely to continue for at least 15-25 years if not longer; China, for example, is adding a new fossil fuel plants at the rate of about one a week [5] .
At present the global economy pumps into the Earth's atmosphere roughly 29 [7] .
Geological CO 2 sequestration, or injection of CO 2 into geological formations of at least 1000 m depth, is one frequently advocated CO 2 reduction technology [7,8, and elsewhere] . But this technology has high construction, monitoring, operation, and maintenance costs and does not yield any commercial product [7] [8] [9] [10] . Leakage and sudden release of CO 2 from the formations are very serious problems because ''complete avoidance of CO 2 leakage over long periods of time appears to be impossible'' [11] . CO 2 is up to 40 times more soluble in crude oil than in water [12, 13] . Geological CO 2 sequestering should not be practiced in conjunction with enhanced oil recovery because CO 2 is likely to migrate from water into oil and CO 2 saturated oil would have higher carbon-footprint than crude oil.
Microalgae use atmospheric CO 2 to produce biomass. Microalgal biomass in an excellent raw material from which numerous chemicals can be made [14] [15] [16] . The oil content of microalgae, for example, is in range of 16-75% of their dry weight [17] [18] [19] . Yields of 50-100 metric ton of biomass (dry weight) per hectare per year are rather common today and are still far below the 280 ton of microalgae biomass that in theory could be produced per hectare per year [20] . There is a lot of room for optimization of any process in which the yield is 64% below its theoretical maximum (i.e. 100 ton dry weight is approximately 36% of theoretical yield of microalgae biomass).
A microalgae CO 2 sequestering facility (MCO2SF) with an area of approximately 10,000 ha consisting of 4000-5000 basic units for microalgae cultivation (BUMC) could eliminate all of the CO 2 generated by a single 550 MW power station burning fossil fuel. To sequester all of CO 2 produced currently by the USA electric power plants burning fossil fuels 1517 MCO2SF of 10,000 ha each should be constructed in either USA or in developing countries [7] .
It can be argued that cultivation of microalgal biomass should not be for CO 2 sequestration but only for production of energy/ fuels. The chemical make-up of microalgal biomass makes this assumption incorrect; only a part of the biomass can be converted to fuel in economic -carbon neutral manner. The remaining portion of the biomass should be either stored in geological formations as is or it can be partly processed, prior to geological storage, in the biorefinery to make a myriad of products like: building block chemicals, pigments, vitamins, bio-active materials, and other compounds [14] [15] [16] .
Despite huge environmental and commercial potentials of microalgae, proponents of microalgae technology tend to underestimate production expenses while overestimating microalgae yield under industrial conditions, opponents of microalgae technology tend to overestimate production expenses while underestimating microalgae yield under industrial conditions. This ''turf fight'' is not productive since the size of CO 2 sequestering market alone could easily exceed $500,000,000,000 assuming 20 Â 10 12 kg of CO 2 will be removed from the atmosphere per year and a rather low carbon tax of $25 ton À1 CO 2 ; less than 2 cents per kW h capacity. For comparison the size of global crude-oil market was roughly $2153 billion in 2009 at oil prices of $70.00 bbl À1 and daily crude oil supply of 84.24 million barrels [21] .
The production cost of microalgae is the sum of the following known production-specific expenses: construction expenses (CE), CO 2 expenses (CO2E), N and P expenses (NPE), harvesting expenses (HE), labor expenses (LE), machinery expenses (ME), and operation and maintenance expenses (OME).
There are more than 100 countries where climate is suitable for year round cultivation of microalgae in open ponds. Each of these countries differ from one another in their: economic policies, society structure, ethnic/religious make up, communication and transportation structures, and all other categories that can be used to describe them [22] . At present it is not clear which of the countries will develop microalgae CO 2 sequestering facilities (MCO2SF) but it is virtually certain that microalgae production-specific expenses will fluctuate from country to country because of differences among them. For example, country A may operate MCO2SF as ''not for profit'' or ''low profit'' venture to maximize employment while country B may decide to maximize profit while minimizing employment at MCO2SF, as a consequence microalgae production-specific expenses will fluctuate even if countries A and B would rely on the same process (i.e. the same equipment, operations, mass and energy balances, and other process engineering related items).
At times it appears that technological processes developed in a certain country, under specific condition, are mechanically applied elsewhere. We intentionally incorporated statistical variability into our model to generate a large number of cost/technology scenarios which, in our understanding, could help select/tailor a microalgae production technology to serve local needs, priorities, and expectations instead of applying it mechanically.
The goals of this work were to: develop a simple model for estimation of total production costs of microalgae as a function of known production-specific expenses, incorporate into the model the effects of uncontrollable factors which affect known production-specific expenses, and enable comparison of economic viability of various, model generated, cost/technology scenarios of microalgae production that would help tailor microalgae production technology to serve local needs, priorities, and expectations.
Methods -model variables and model design

Basic Unit for Microalgae Cultivation
Design details of the Basic Unit for Microalgae Cultivation (BUMC) were adapted from Berend et al. [23] with the following modifications:
the BUMC total area is 25,000 m 2 while its net cultivation area A. An open raceway pond reactor (throughout this work abbreviated to BUMC) was selected because it is less costly to construct and operate than closed photo-bioreactor. Improvements in closed photo-bioreactor technology are imminent and are likely to decrease production costs of fine and specialty chemicals from microalgal biomass but we expect BUMC to remain the workhorse in commercial production of bulk and building block chemicals from microalgal biomass as well as in microalgal CO 2 sequestering.
Random fluctuations were intentionally incorporated into model, consequently into generated cost/technology scenarios, using the process flow diagrams, and data from literature and industry (Sections 2.2-2.3.2 and Appendix A) because each logically interconnected operation/equipment that is used in design/construction/operation/maintenance of a production process is inevitably subject to random cost/price fluctuations which can neither be eliminated or a priori controlled (Section 2.3.2).
Evaluation of known production-specific expenses
Known production-specific expenses, or variables the sum of which represent a total crude production cost of microalgae (TCPCM), are: BUMC construction expenses (CE), CO 2 expenses (CO2E), N and P expenses (NPE), harvesting expenses (HE), labor expenses (LE), machinery expenses (ME), and operation and maintenance expenses (OME). The following works, and references therein, were consulted when estimating known production-specific expenses that add-up to make TCPCM: [7, 14, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In addition while planning and developing the model we relied on: (a) our experience in microalgae cultivation and harvesting in open ponds of size of 1 m 2 to more than 10,000 m 2 , (b) discussions with colleagues knowledgeable in design, construction and operation of medium and large scale facilities for production of microalgae in Israel [41] and Namibia, and (c) data on large pilot and industrial facilities for production of microalgae (i.e. Cellana plant at Hawaii; 100,000 m 2 Dunaliella plant in Eilat, Israel), and other places [42] [43] [44] [45] [46] . Estimated minimum and maximum known production-specific expenses are given in Table 1 . Details on the estimates for known production-specific expenses are given in Appendix A; microalgae production and harvesting process flow diagram used to assess these production-specific expenses are also given in Appendix A. The modeling procedure is described in Section 2.3.
Modeling procedure 2.3.1. Variables and their ranges
Ranges of known production-specific expenses (i.e. variable range/s) are rather broad ( Five values from the range of each known production-specific expense (Table 1) were selected by assuming that: the range of each known production-specific expense is 2.00 standard deviations wide (i.e. Maximum À Minimum = Range = 2.00r), the range average equals one half of the sum of minimal and maximal value in the range (X in Table 2 ); the average is the first selected value in the range, a minimal value in each range is equal to the range average minus 1.00 standard deviations (X À 1.00r in Table 2 ); this is the second selected value in the range, a maximal value in each range is equal to the range average plus 1.00 standard deviations (X + 1.00r in Table 2 ); this is the third selected value in the range, fourth and fifth selected values are equal an average minus onehalf and an average plus one-half of standard deviation (X À 0.50r and X + 0.50r in Table 2 ).
Modeling scenarios
The five selected values from a range of each expense (i.e. X À 1.00r, X À 0.50rX, X + 0.50r, X + 1.00r in Table 2 ) were fed into Central Composite Design (CCD) -Response Surface Methodology (Design Expert Software V7.1.6 -Stat-Ease, Inc.) to generate a 152 different scenarios/estimates of TCPCM). The five lowest and five highest estimates/scenarios of TCPCM are given in Table A. 3. Estimated TCPCM are equal to sum of the known production-specific production costs (see Appendix A and process flow diagram Fig. A.1.0) .
TCPCM can fluctuate by +30%, probably more, even when the most accurate estimates of known production-specific expenses are made around the most rigorous process engineering. These inevitable fluctuations are due to uncontrollable factors like: weather, social structure and customs, sudden change in prices of chemicals and energy, inflation, technological development, Construction expenses (CE), CO 2 expenses (CO2E), N and P expenses (NPE), harvesting expenses (HE), labor expenses (LE), machinery expenses (ME), and operation and maintenance expenses (OME). 
Results and discussion
The Adjusted Total Production Cost of Microalgae (ATPCM) and the predicted total production costs of microalgae (PTPCM) are given in Fig. 1 .
The following model equation, developed under CCE, relates PTPCM and known production-specific expenses: PTPCM ($/t/h/y) = À25.588 + 1.091 Ã CE + 0.869 Ã CO2E + 1.170 Ã NPE + 1.077 Ã HE + 1.148 Ã LE + 1.143 Ã ME + 1.039 Ã OME À 0.0008 Ã CE Ã HE À 0.00002 Ã CO2E Ã NPE Analysis of variance for the model is given in Table A .5. The model F-value of 67.30 implies the model equation is significant since there is only a 0.01% chance that this large F-value is due to noise. CE, CO2E, NPE, HE, LE, ME, OME are significant model variables since their p-values are smaller than 0.1000. Products of variables ''CE Ã HE'' and ''CO2E Ã NPE'' are no significant model variables because their p-values are larger than 0.1000. The ''Lack of Fit F-value'' of 5.68 indicates that the Lack of Fit is not significant in comparison to the pure error (Table A.5) .
''CE Ã HE'' and ''CO2E Ã NPE'' products were included in the model equation to enable graphic representation of their effects on microalgae production costs over entire ranges of: construction and harvesting expenses, and CO 2 , N and P expenses, with all other specific expenses set at a preselected level.
Maximal and minimal PTPCM as a function of construction and harvesting expenses were in range $102.02-1276.66 t À1 ha À1 y À1 (Fig. 2) .
The following modeling criteria yield PTPCM below $500 t À1 ha À1 y
À1
: CE in range $44.83-417.23; minimized CO2E; minimized NPE; HE in range $41.71-250. 35 ; LE in range $6.55-71.17; ME in range $52.15-166.89; OME in range $10.43-41.73.
Forty-four modeling solutions/scenarios yield PTPCM in range $200-500 t À1 ha À1 y À1 ( Fig. 2A and Table 3 ). There were 24 modeling scenarios in which PTPCM was in range $102-200 t À1 ha À1 y
( Fig. 2B and Table 4 ). These results ( Fig. 2 and Tables 3 and 4) suggest that microalgae can be produced at a cost below $500 t À1 ha À1 y À1 . To achieve Fig. 1 . Modeling scenarios -adjusted (ATPCM) versus predicted (PTPCM) total production costs of microalgae. production costs below $500 t À1 ha À1 y À1 BUMC construction expenses should not exceed 89.73% of the maximal construction expenses used in this study (see maximal CE in Table 1 ). Applicable carbon tax should be approximately À$10.98/ton CO 2 . N and P should be purchased at not more than 24% of maximal expenses used in this work (see NRE in Table 1 ). Harvesting, labor, machining and OME expenses should be at or below their respective maximums used in this work (see Table 1 ). These results also imply that: microalgae could be produced at a price below $500 t À1 ha À1 y À1 using current technology in both developing and developed countries, and land expenses for construction of MCO2SF should not exceed $6.00/m 2 .
Results ( Fig. 2B and Table 4 ) indicate that microalgae production cost below $200 t À1 ha À1 y À1 could also be achieved provided: BUMC construction expenses not exceed 24.55% of maximal construction expenses used this study (see maximal CE in Table 1 ), carbon tax is higher then $17.81/ton CO 2 , wastewater is used as an N and P source (see minimal NRE in Table 1 ), harvesting expenses are up to 48.24% of maximal harvesting expenses assumed here (see maximal HE in Table 1 ), labor equal to or below maximal labor expenses assumed here (see maximal LE in Table 1 ), machining expenses up to 62.12% of the maximum HE assumed here (see maximum HE in Table 1 ) and OME expenses equal to or below maximum assumed here (see maximal OME in Table 1 ).
Microalgal biomass is an excellent raw material for extraction/ production of many compounds. For example, if microalgae biomass contains 45% of extractable oils, the density of which equals 0.913 kg/L, there will be 3.10 barrels of oil in each ton of microalgae. Assuming oil extraction costs to be equal to 25% of microalgae production costs, a price of microalgal oil would be $78. 22 [48] . The closeness of crude oil and microalgal oil prices and ever rising trend of oil prices indicate that: microalgae CO 2 sequestering, and production/extraction of chemicals from microalgae, can be economically viable venture even today when microalgae production technology is still far from its optimum.
Construction of a global network of industrial scale MCO2SF (i.e. 10,000 ha and large facilities) should start today in both developing and developed countries. The global MCO2SF network, when finished, would be large enough to sequester at least 15 and up to 25 Â 10 12 kg of atmospheric CO 2 per year. Developed countries would benefit from development of a global MCO2SF network through creation of hundreds, if not millions, of green/sustainable jobs. In developing countries the network would be of immense help in fight against poverty since single MCO2SF could provide jobs for up to four hundred employees each of which would earn salary that is two to three times higher than GNP per capita in a particular developing country. MCO2SF could also help fight desertification in countries that suffer from it (i.e. sub-Saharan Africa, Australia, parts of the USA); in these regions MCO2SF could grow marine microalgae using saline water from underground aquifers. To minimize loss of water from the aquifer; the supernatant after harvesting of microalgae should be recycled or pumped back to the aquifer. One can also imagine that MCO2SF could become a source of water for irrigation if BUMC raceways had a transparent coverage (i.e. like green house coverage); in desert areas a single 10,000 ha MCO2SF could easily yield 100,000 m 3 irrigation water per day.
A global network of industrial scale MCO2SF would also help smooth transition from carbon to hydrogen, or other alternative economy while enabling green/sustainable production of chemicals and raw material from microalgae and concurrent elimination of risks associated with the extraction and production of crude oil.
Conclusions
One hundred and fifty-two costs/technology scenarios were modeled to find 68 scenarios in which predicted total production costs of microalgae was in the range $102-500 t À1 ha À1 y À1 . These findings suggest that microalgae CO 2 sequestering and the production of commercial compounds from microalgal biomass can be Construction expenses (CE), carbon dioxide expenses (CO2E), nitrogen and phosphorus expense (NPE), harvesting expenses (HE), labor expenses (LE), machinery expenses (ME), operation and maintenance expenses (OME). Construction expenses (CE), carbon dioxide expenses (CO2E), nitrogen and phosphorus expense (NPE), harvesting expenses (HE), labor expenses (LE), machinery expenses (ME), operation and maintenance expenses (OME).
economically viable venture even today when microalgae production technology is still far from its optimum.
At times it appears that technological processes developed in a certain country, under specific condition, are mechanically applied elsewhere. We intentionally incorporated statistical variability into our model to generate a large number of cost/technology scenarios which, to our understanding, could help decision makers select/tailor microalgae production technology to serve local priorities, expectations, customs and needs instead of applying it mechanically.
